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ABSTRACT 
upercritical fluid extraction ( FE) techno log is a new and powerful eparation 
pr ce . which ha e eral appl ication in environmental and petroleum industry field . 
upercri tical carbon dioxide ( C CO2) extraction process can be appl ied as a remediation 
techn ique for ediment contaminated with crude oi l .  On the other hand, SC CO2 can be 
appl ied a an Enhanced Oil Recovery (EOR) technique in the petroleum industI) to 
increa e the ult imate recovery factor of crude oil from reservoi rs. Therefore, uti l ization of 
CO2 for the extraction appl ications can result  both in environmental and economical 
benefit . 
In  thi stud . C CO_was used for the extraction of petroleum hydrocarbons from 
ediments part ly  saturated with crude o i l  from Bu Hasa o i l  field of UAE. The effect of 
CO2 flow rate ( 1  and 4 m l/min), temperature (80  and 1 60 °C), pressure (250 and 350  bar) 
and addition of 5% ( Iv) organic solvent (heptane or toluene) in the SC CO2 extraction 
wa in estigated. The highest extraction of hydrocarbons (up to 92 %) was obtained at 80 
°C and 3 5 0  bar using modified SC CO2 with 5% (v/v) heptane. The residual hydrocarbon 
profi le for the sediment, after the extraction process, shows that SC CO2 is an excel lent 
remediation technique where up to 93 % of Total Petroleum Hydrocarbon (TPH) in the 
contaminated sediment was removed. In addition, a significant reduction in levels  of 
some Polycycl ic  Aromatic Hydrocarbons ( PAR s )  was observed. Moreover, the SC CO2 
extraction of petroleum hydrocarbons from sediment and l imestone partic les spiked with 
crude o i l  was conducted at the reservoir conditions ( 300 bar, 1 20 °C). 
VI 
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CHAPTER 1 
REMEDIA TION BY SUPERCRITICAL CARBON DIOXIDE 
1.1. Introduction 
Man places of the world, I .e .  industrial areas, are contaminated b a number of 
pol lutant either through a continuous process of contamination that might ha e taken 
place throughout many years, or by a sudden d i spersion caused by an accident, i .e. o i l  
pi l l i ng from a gas tation due to a pipe breakage. The contaminants that can be found in 
o i l s  ar man : inorganic, l i ke heavy metals, as wel l  as organic, such as Polycyc l ic 
aromatic hydrocarbons ( PAH S) .[1.21 Soi l  contamination by petroleum products causes 
signi ficant concern. Thi concern raises primari ly from health risks, both of direct contact 
and from contamination of surface and ground water suppl iesY l 
Petroleum, l ike a l l  fossi l  fuels,  mainly consists of a complex mixture of molecules 
cal led hydrocarbons. The hydrocarbon molecules that make up crude oi l  and petroleum 
products include hazardous complex chemical mixtures, such as total petroleum 
hydrocarbons (TPH),  polycycl ic  aromatic hydrocarbons C PAHs) and heavy metal s. 
Therefore. contamination of soi l  by petroleum hydrocarbons in large concentrations can 
be hazardous to the health of plants, animals, and humans.[4.5] The impact of petroleum 
pol l ut ion can be large, and is usua l ly  highly unpredictable. The Exxon Valdez o i l  spi l l ,  
for example, i n  March 1 989, was reported to  affect 1 750  km of the Alaskan shorel ine and 
k i l led more than 30,000 seabirds. [6] 
Government, industry, and the publ ic now recogmze the potential dangers that 
petroleum hydrocarbon compounds pose to human health and the environment. 
Contam inated soi l s  can reduce the usabi l ity of l and for development; and weathered 
petroleum residuals may stay bound to soi l s  for years resul t ing in a long-tern1 persistent 
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ource of contamination to soi l  and water suppl ies, i .e .  groundwater. at many site around 
the \\-orld . [71 Therefore. petroleum hydrocarbon pol l ution is a pervasive. global problem; 
and the removalle traction of hydrocarbon compounds from contaminated soi l  is an 
important and challenging problem. 
Remediation of contaminated soi l s  by a plethora of chemicals at wide levels of 
contamination can be carried out according to a number of methods. The most important 
and widel used remedial technologies are incinerat ion, thermal desorption. 
bioremediation, chemical treatment and solvent extraction (which includes supercritical 
fluid e. traction).l8.91 ome of them are in situ appl ications, other require ex situ 
appl ications where the soi l/sediment are excavated/dredged [10-121 . Conventional 
techniques such as l andfi l l  d isposal, thermal desorption, inc ineration and l iquid solvent 
extraction are expensive and involve risks associated with air and residual pol l ution [\3,\41. 
Biological remediation i s  a rather s low process, with possible logistic and practical 
di sadvantages. (15) 
Despite great efforts and expenditure of resources to develop both technical ly and 
economical l y  effective c leanup processes of contaminated sediments, no widely accepted 
methods have been found and further research is sti l l  needed. New methods are therefore 
being investigated in  order to improve the remediation efficiency and lower the costs or 
the remediation t ime. Supercritical F l uid  Extraction (SFE) i s  one of the new methods for 
the remediat ion of hydrocarbon-contaminated sedimentY 6) There is general agreement in 
recognizing SFE as a rather efficient, fast and clean treatment for sed iment 
remediationJ 17] The unique properties of Supercritical Fluids ( SCFs) that make them 
technical l y  enticing are their enhanced abi l i ty to d issolve organic compounds, an abi l i ty, 
which can be easi ly tuned by changing temperature and/or pressure, thus changing the 
fl uid  properties from gas-l ike to l iquid-l i ke. This sensit ivi ty to temperature and pressure 
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lead to imple o lute- 01 ent eparation schemes. Other attracti e feature of CF 
inc lude IO\\' vi co i ty and high diffusi it that are essential to reduce mass tran fer 
re i tance during the desorption proce ses. Because of these spec ial characteristics, 
upercritical fluids are u ed in extraction, separation, chemical reaction, impregnat ion, 
polymer processing, food processing, environmental remediation and pharmaceutical 
production. r 181 The mo t popular fluid i s  supercritical carbon dioxide ( C CO2) because it 
i s  non-tox ic, non-flammable, read i ly  avai lable, and inexpensive [17-19] . 
L ike other new technologies, SFE technology uti l izing CO2 as a fluid has its specific 
problems. One of these problem is the l i mited abi l ity of C CO2 to dissolve and separate 
polar or h igh molecular weight organic compounds even at very high densities. To 
develop FE process efficiency, the selectivity and solubi l izing power of SC CO2 can be 
enhanced by the addition of polar organic  compounds, known as modifiers. [20] The lack of 
fundamental information on the behavior of  such m ixtures on the remediation process 
lead to one of the goals of this study. 
Experiments at d ifferent condit ions (250 and 350 bar, 80 and 1 60 °C, and flow rates 
of 1 and 4 mUmin)  were performed with pure and modified CO2 to find the best 
extraction temperature, pressure and flow rate and type of modifier (heptane or tol uene) 
added at 5% (v/v) to extract hydrocarbons from oi l-contaminated sediments. 
1.2. Supercritical  fluid extraction (background) 
1.2. 1 .  Supercritical fluids 
F luids above their cri tical temperature and crit ical pressure are defined as supercritical 
fluids (SCFs) .  Within the supercri tical region only one state-of-the-fluid exists and it 
4 
po esse both gas- and l iquid- l ike propertie . At this condit ion, the fluid \\' i l l  not be 
c nden ed by increasing the pressure. 
The phase diagram for pure carbon dioxide i l l ustrating the upercrit ical reglon IS 
hown in Figure 1 .  On thi diagram, C .P .  represents the crit ical point and T.P.  repre ent 
the trip le point of the fl uid. Outside the upercritical region, a single sub tance e, i t 
either as a sol id, l iquid, gas or as a coexistence of two or more phases. The carbon dioxide 
can no longer exist a a sol id  above a certain temperature but i t  can be a l iquid or a gas. 
Given the temperature, if the external pressure is equal to the vapor pre sure, the l iquid is 
in equi l ibrium with the gas and the two phases coexist. Increasing the temperature leads 
to a ri se in the equi l ibrium pressure del ineat ing the vapor pressure curve. Moving along 
the curve to h igher pressure and temperature values, the l iquid becomes less dense 
becau e of the effect of thermal expansion and the gas becomes denser due to the ef fect of 
i ncreasing pressure. Eventual ly the densit ies of the l iquid and gas phases become 
identical (cal led critical density, pc)  at the critical point and the substance becomes a 
supercritical fluid where the dist inction between the gas and the l iquid di sappears. [21] 
Therefore, when carbon dioxide, for example, i s  heated and compressed above its critical 
point (critical temperature, Tc = 3 1 . 3°C, and critical pressure, Pc= 73 .9 bar) the substance 
wi l l  be in a pure supercritical fluid phase. [22] 
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upercrit ical fluid can be changed to a ga or l iquid state by imply adju ting the 
temperature and pres ure. Thi flexibi l i ty in the operating condit ions and l iquid- l ike to 
ga - l ik properties make supercrit ical fluids suitable for extraction appl ications. 
upercritical F luids ( S  F )  can have better rna s transfer through a porou matrix due 
to their higher d iffu i i ty than a normal l iquid phase, result ing in a faster extraction. 
Moreover. densities of Fs are higher than those of normal gases, leading to higher 
o lvent po er than ga es. [23] uch properties al low the SCFs to di ssolve and carry 
material l i ke a l iquid but also enter very small pores l i ke a gas. Viscosities of SCFs are 
al 0 lower than that of l iquids, al lowing for better transportation. The values of densities, 
diffu ion coefficients, and i scosities in the supercritical region are between those of 
t pical l iquids and gases as shown in Table 1 .  Final ly, separation of the contaminant from 
the extract ion fluid is usual ly much easier in  the case of a supercritical fluid than a l iquid 
olvent. This  is because in the case of SCFs the contaminant separates easi ly as the 
pre ure drops, s ince i ts solub i l ity in the fluid decl i nes at lower pressures. 
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Table 1: Comparison of physical properties of SCFs, a typical gas and l iquid. [24] 
Pha  e Gas SCF Liquid 
Diffu ion Co fficient (cm2/s) 1 0-1 1 0-3 1 0-5 
Density (g/cm3) 1 0-3 0 .2 - 0 .9 1 .0 
V iscosity (mPa's)  1 0-2 1 0-2 _ 1 0-1 1 .0 
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1.2.2. upercritical ca rbon d ioxide 
e eral fl uid can be theoretica l ly  used for supercritical fluid extraction. Table 2 
pre ent orne compounds that can be used as supercritical fluids inc luding their critical 
parameter (cri tical temperature (Tc), critical pressure (Pc) and critical densitie (pc)). 
mong a l l  the e fluid , 2 has 0 far been the mo t widely used one. This is due to its 
on enient critical parameter (critical pressure of 73 .9  bar and critical temperature of 
3 1 . 3 0 ) . This means that the use of CO2 for the extract ion does not require significant 
energ in order to keep the fluid at the supercritical state. Moreover, CO2 is con idered as 
an en i ronmental ly  benign solvent that can have a number of positive impacts on 
extraction, uch as sol ent replacement, energy effic iency and better separations. Being 
nonflammable, nontoxic and inexpensive, CO2 is preferred over solvents that are 
carcinogenic, environmental ly hazardous, volat i le, or legi slatively regulated. Moreover, 
supercritical CO:! has zero heat of vaporization [25) ; therefore the solvent can be easi ly 
and completel remo ed by depressurization, e l iminating the energy-intensive dry ing 
process general ly used to remove tradi tional solvents. Depressurization and 
recompression schemes al low for easy separation from other chemical components and 
therefore recycl ing. 
The pol ar character of the carbon dioxide as a solvent i s  intermediate between a truly 
non-polar solvent such as hexane and weakly polar solvents. Carbon dioxide is often 
c lassified as a non-polar solvent, but i t  has some l imi ted affinity with polar solutes 
because of its l arge molecular quadrupoleY6) To improve its affin ity with polar molecules 
further polar co-solvents or modifiers are sometimes added to CO2 .  
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Table 2: Critical parameters of some useful compounds as CFS.(27) 
ub tancc Tc (OC) Pc (MPa) 
CO2 3 1 . 30 7.39 
20 36 .50 7 .35 
F6 45 . 50 3 .76 
NH3 1 32 .50 1 1 .40 
H2O 374 .00 23 .00 
n-C4HIO 1 52 .00 3 .80 
n-CsH12 1 97.00 3 .78 
Xe 1 6.60 5 .92 
CC12F2 11 2 .00 4. 1 3  
CHFJ 25 .90 4.75 
1 0  
Pc (103 Kg/m3) 
0.47 
0 .45 
0 .74 
0.24 
0 .34 
0.23 
0.23 
1 . 1 0 
0.56 
0.52 
1.2.3. upercrit ical fluid extraction of hydrocarbon from ediment 
growing concern has arisen in recent years about the fate of hazardous compounds. 
notably petroleum products in sediments. o i l! ediment is often a receptacle of these 
comp und . and there is potential danger that contaminates may reach the groundwater in 
their original or altered compo ition but sti l l pre erving toxic properties. Decontamination 
of oi ll ediment b sol ent extraction is usual ly carried out by adding organic solvent 
into soi l/sediment to extract the toxic compounds. However. this method tends to create 
another problem for the environment as the solvent cannot entirely be removed from the 
matri, . 
upercritical fluids have been used as extraction media to remove various types of 
ub tance from olid matrices. The original appl ication of the supercritical fluid 
e traction technology was for the recovery of various compounds from different natural 
ources or for environmental purposes, which are sti l l widely studied. [ I3] 
Carbon dioxide is a compound that shows a relatively mi ld critical point ( 73.9 bar and 
3 1 .3 DC). not requiring an excessive amount of energy to reach supercritical conditions. 
In addit ion to the low cost of the carbon dioxide, i ts high chemical stabil i ty and lack of 
toxicity. make it a popular solvent for extracting hydrocarbons from rocks, sediment and 
mud slurries. Therefore, extraction using SC C02 is preferred over solvent extraction to 
remove the harmful compounds from soi l/sediment. Although SCF teclmology has been 
successful ly real ized for environmental remediation 111 the laborator. its 
commercial ization sti l l lacks the significant technological improvement required in order 
to reach economic feasib i l ity. 
S ignificant research has been carried out in order to study and investigate various 
aspects of contaminant removal by SC C02. Comprehensive presentations of various 
aspects on the use of thi s technology for extraction purpose are avai lable in several 
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crl't'cal re e [28-41) d h d d f h " fi  . 1 vi w an un re 0 ot er SClentl IC artIcle . everal of the e article 
di cu th extraction of arious organic compound from vanous matrice for the 
remediation of environment b supercritical fluid extraction ( FE) technique. 
Pre ure, temperature, composition of the crude oil and physicochemical propert ies of 
the ol id matrix affect the e 'traction capacity of SC CO2. Supercritical CO2 has been 
ucce ful l used for e tracting a variety of organic compounds such as polyc clic 
ar matic hydrocarbons (PAHS),[ 38-44] polychlorinated biphenyls (P Bs),141.45-49] 
pe ticide YO-52] and hydrocarbonsY3-S9] The extraction of these compounds was 
perfonned from various porous media, such as soi ls and/or sediments, [53.60-621 or 
rock . [53.59J These inve tigators have studied a combination of different parameters such 
a characteristics of the supercritical fluid (with and without modifier), solid matrix, 
thennod namic and kinetic conditions ( i .e . temperature, pressure, density, and flow rate), 
water content and solute physical and chemical properties, in order to find the optimum 
conditions leading to the highest extraction yield. 
Data for CO2 extraction at extremely high pressures and temperatures, V\hich 
represent some United Arab Emirates (UAE) reservoir conditions such as Bu Hasa 
reservOIr (274 bar, 121 °C) are scarce in the l iterature, especial ly for oi l -saturated 
ediment (or rocks). AI-Marzouqi investigated the capacity of SC CO2 to extract 
hydrocarbons from a typical UAE sediment saturated with crude oi l (in the absence of 
water) under a wide range of pressures and temperatures. Extraction efficiencies greater 
than 70 % were obtained for the extraction of hydrocarbons from a typical UAE sediment 
saturated with crude oi l at 300 bar and 120 °CY3] In the present study, the effects of 
temperature (80 and 160°C), pressure (250 and 350 bar) modifier (heptane and toluene) 
and CO2 flow rate ( 1  and 4 ml/min) on the extraction capacity of the SCF and on the 
composition of extracted hydrocarbons were investigated. 
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1.2 .4. Factor affecting FE proce e 
Mo t of the FE studie of contaminant from soils and sediments" ere ba ed on the 
de orpti n phenomena associated with spiked and native bound olute m 
oil / ediment . The acquired data from experiment and modeling show that many 
param ter can affect FE proce ses such as: characteri tics of CFs and solid matrix. 
them10dynamic and kinetic conditions (e.g. temperature, pressure density. and flow rate), 
water content. solute ph sical and chemical properties, etc . [40] To select a distinctive set 
of best conditions under these circumstance for an efficient SFE process is a difficult 
task. However. in thi study the effect of characteristics of SC CO2 (with and without 
modifiers) and the them10dynamic and kinetic conditions on the extraction efficiency of 
the CF wa the main goal . 
1.2..1 .1. Effect afflaw rate 
Flow rate of a Supercritical fluid can affect both solute desorption rate and final 
residual concentrations. The effect of flow rate on SFE rates has been used to determine 
" hether the extraction is l imited primarily by analyte solubility and retention of analytes 
on matrix acti e sites (i.e. the solubility/el ution process) or by the desorption/kinetic 
process.l63] The extraction rates control led primarily by the solubility/elution process 
showed direct correlation with SFE flow rates while the extraction rates for samples that 
are control led primarily by the kinetics of the initial desorption step showed little or no 
change with different SFE flow rates. [40] 
1. 2.4.2. Ef ect a!temperature and pressure (density) 
The solubility of a substance is determined by two factors: its volatility and the 
solvating effect of the fluid. The solvating effect of the fluid depends on the fluid density; 
therefore. the density of a SCF affects its capacity to extract hydrocarbons during the SFE 
1 3  
process. This i why thermodynamic parameters uch as temperature and pressure, \vhich 
affect the densi ty, are considered the main factor influencing the FE process. 
Effect o[Temperature 
It i general ly accepted that temperature affects the SFE efficiency by changing both 
the thermodynamic (density) and kinetics of the process. For a constant pressure the 
den it of a SCF decreases with increasing temperature. Therefore, the solvating effect of 
the fluid decrease as temperature is increased. But the volati l ity of the sol ute increase as 
the temperature increases at constant pressure. As a result, the solubi l ity of a substance in 
a supercritical fluid at constant pressure first decreases with the increase in temperature as 
the density effect of the SCF is dominant, then the substance solubil ity reaches a 
minimum, after which the solubil ity increases with temperature as the volati l i ty effect 
take over. Therefore we can conc lude that, there are opposite effects of temperature on 
SFE such as decreasing fluid density and hence, the solute recovery on one hand, and 
increasing solute solubi l ity through its vapor pressure, on another hand. 
The temperature corresponding to the minimum solubi l ity varies with pressure and 
the solute type. For solutes of l imited volat i l i ty the minimum sol ubi l ity occurs at a high 
temperature and may never be seen experimental ly. Thus, for relatively nonvolati le 
species, increasing the temperature of the SCF at constant pressure wi l l result in a 
reduction in its density and thus the solubi l ity of the extract, i .e. hydrocarbons, in the 
fluid, leadi ng to reduced extraction efficiencies. But, in many examples where the solute 
is more volatile, efficiencies improve as temperature is increased despite the reduction in 
fluid density. [6 I] 
14 
Effect o{Fressure 
Gase us O2 has a den ity of 0.00 1 808 glml at 25°C and atmospheric pre ure. 
nder these conditions it i not ery effective as a solvent for l iquids and sol ids; however. 
a pre ure is increa ed, which cau es an increase in density, the extractive power of CO2 
157) Th fi h I b'l' f '  ' . Impro e . ere ore, t e o U I Ity 0 organIc compounds III CO2 Illcreases at higher 
den ity. Moreover, the CO2-oi l interfacial tension is expected to decrease with the 
increase in pressure as a result of the increase in CO2 density. This effect was shown for 
the 02-ethanol system, for which the density of the CO2 was the only influencing 
parameter on the interfac ial tension. [64) 
1.2.-1.3. Characferi tic ofSCFs 
The unique physicochemical properties of SC CO2 make it an ideal fluid for SFE 
e, cept for one weakness: having no net dipole moment, CO2 is an ineffective solvent for 
dis olv ing polar or high molecular weight compounds even at very high pressures. The 
modifier, also cal led entrainer or cosolvent, is a conventional organic solvent added to 
supercritical CO2 to improve the extraction yield through certain mechanism such as 
enhancing analyte solub i l i ty, covering the matrix active sites and inhibiting the desorpted 
solute's re-adsorption, matrix -swel l ing or in situ derivatization. [65) A wide variety of 
modifiers has been evaluated by different investigators for enhancing extraction 
efficiency inc luding methanol, toluene, pyridine, triethylamine, pyrrol idine, hexane, 
acetone, chloroform, methylene chloride, tributylphosphate, and ethyl acetate. Librando 
and others,[66] for example, used three modifiers : n-hexane, methanol and toluene at a 
concentration of 5% of the extraction fluid to extract Polycycl ic Aromatic Hydrocarbons 
( PAH) compounds from marine sediments. According to Yang [67) the modifier effects are 
dependent on the sample matrix and modifier type when environmental samples are 
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xtracted with C CO2 alone or modified with 1 0  01 .  % methanoL diethylamine. or 
luene. 
lthough there i no definjte theory that enables one to select and optimize a modifier 
for upercri tical fluid e traction, it appears that modifiers should be selected based on 
both type of the matrix and the target solute, i .e. extract characteristics. [ 68] Therefore, the 
modi fier that should be u ed in this study mu t be any liquid hydrocarbon that is 
mi cible with the oi l in the sediment. 
1.2.5. Mechanisms of SFE processes 
The reco ery of organic pol lutants from environmental samples, by supercritical fluid 
extraction process, requires three main steps: parti tioning of the targeted solutes from the 
ample into SCF, removal from the extraction vessel , and col lection of the extracted 
compounds. Studying the extraction recovery of SCF from spiked samples is an excel lent 
method to de elop the final two steps. However, it was observed experimentally that SFE 
conditions that yield quantitat ive recoveries of spiked solutes may not be suitable for the 
[40] extraction of the same compounds from real -world samples. Because of the 
heterogeneous nature of environmental samples, the partitiorung step may be control led 
by solute solub i l ity in SCF, kinetic l imi tations, and/or the abi l ity of the SCF to interrupt 
matrix-solute interactions. These interactions that control SFE rates from heterogeneous 
envi ronmental samples are not wel l understood yet. [40] Therefore, It should be kept in 
mind that the results from spiked recovery process are often not val id for detennining 
extraction efficiencies from complex real -world samples such as soi ls and sediments, but 
such studies can draw a general scheme of the SFE process. 
The mecharusms of decontarrunation by SFE are similar to the solvent extraction. 
Basical ly the extraction fluid is pumped through the contaminated sediment. Driven by 
the concentration gradient, the contaminant to be removed moves from the grains, where 
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it depo ited or ad orbed, to the fluid. The sol ent, whether it i a l iquid or a 
upercritical fluid, transport the contaminant out of the matrix .  Final ly, the fluid is 
usual ly  reco ered and eparated from the contaminant as shown in Figure 2. Therefore. 
01 ent power and transport properties of the fluid phase play an important role in the 
e traction proce . 
In order to interpret the obtained results, the extraction phenomena should be first 
under tood. The extraction process involves four main stages: desorption of oi l  from the 
o l id grain in ide the sediment partic les, intrapart ic le d iffusion of the o i l ,  transfer of oi l  
from the e ternal sediment surface to the bulk fluid through a thin layer, and the transport 
of o i l  along the sol id bed. Density and viscosity of the supercritical fluid play a major role 
in  this four-stage e traction process. 
The solvating power of supercritical CO2 is proportional to its density; the higher the 
den ity, the more substrate the CO2 can extract from the matrix . [69] It was indicated that 
CO2 density is an essential factor in the CO2-oi l  extraction. [64] Even though the density of 
a supercritical fl uid i ncreases with pressure and becomes l iquid-l ike, the viscosity and 
d iffusivi ty remain between l iquid-l ike and gas- l ike values. The viscosity of the SC fluid 
gives the fluid the abi l ity to penetrate the matrix ;  the lower the viscosity, the faster the 
fl uid can penetrate the matrix .  Additional ly, supercritical fluids exhibit almost zero 
surface tension, which al lows faci le penetration into rnicroporous materials. The 
combination of these properties of the SC CO2 can be affected by factors such as 
temperature and pressure, which can have a significant influence on the extraction 
efficiency of SC CO2. 
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S C F  Sepa ra tion 
• • 
SC F . • + • . • �! • • • . • . •  SC F •• • • • • • • 
C o n t a m i n a ted S a m ple 
• = Conta m i n a n t  
SC F = S u  ercrit ical  F l u id 
• • C o n ta m i n a n t  . •  
• 
'-
C o n ta m i n a n t  Recovery 
Figu re 2: General scheme of a supercritical fluid extract ion proces . 
1 8  
1.3. T h esi  obj ectives 
ediment contamination b petroleum product cau es significant concern in many 
part of the world, e pecial ly  in industrial areas. tUdying the efficiency of pure and 
modi fied C02 in  e tracting hydrocarbons from sediment and from rock sample is  
very important for en ironmental reasons. The objective of this research i to gain deeper 
und r tanding of the capacit  of pure and modi fied CO2 under supercritical conditions to 
remediate contaminated UAE sediments from petroleum hydrocarbons. In particular, it is 
of our interest ( 1 ) to perform experimental measurements of extraction efficiency of the 
FE proce to investigate the effect of temperature, pressure, flow rate, and type of 
modi fier added at 5 % (v/v) on the capacity of the SCF, (2) to determine the extent of 
residual o i l  in the matrix after SFE and ( 3 )  to investigate the effect of particle type 
( sediment and l imestone) and size on the efficiency of the SFE process at reservoir 
conditions (1 20 0c, 300 bar). 
1 .4. Outli n e  of cha pters 
Chapter 2 discusses the experimental materials and methods used in this study 
including the experimental design, detai l s  of the apparatus, procedures and the scheme 
fol lowed for the accomplishment of the present research .  
Chapter 3 includes the results and discussions. First, results of the statistical analysis 
are presented. Then, the extraction results at d ifferent conditions are presented and the 
effects of d ifferent parameters are d iscussed. Also, the results of analyses used to 
i nvestigate the extent of residual o i l  in the sedi ments after the SFE process are presented 
and discussed. Final ly, the concl usions are included in Chapter 4. 
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CHAPTER 2 
MATERIALS AND METHODS 
2 . 1 .  M aterials  
CHAPTER 2 
MATERIALS AN D METHO DS 
arb n dioxide (purity of 99.995%) was suppl ied by  Abu Dhabi Oxygen Company. 
The crude o i l  (a erage molecular weight = 28 1 . 5 glmole and density = 0 .8634 g/ml )  used 
in thi \-\ ork as obtained [rom Bu Ha a o i l  field (Abu Dhabi, UAE) and was fi l tered to 
remo e al l  and particle . Thi oi l  was stock tank oi l  (dead oi l )  not l ive reservoir oi l .  
Hydrocarbon composition of the crude o i l  used in this study indicates the presence of 
main ly l ight and moderate hydrocarbons, i .e. 80 % hydrocarbons less than C20 (Figure 3 ). 
The chemical modi fiers (n-heptane and toluene) and the organic solvents 
(dichloromethane and methanol )  were of analyt ical grade with purity �99% and were 
suppl ied b S igma Aldrich .  Sediment samples (bulk density = 1 .6 glml and average 
particle size = 1 50 1lfTI) were col lected from Sahel o i l  field, which is near Bu Hasa o i l  
fie ld i n  the UAE.  The particle size d istri bution of the sedi ment sample is shown in  Figure 
4. The size d istribution of the sedi ment sample was : 1 1  % less than 1 06 !-Lm, 29.56% 
between 1 06 and 1 50 1lfTI, 44 .07% between 1 50 and 2 1 2  !-Lm, 1 2 .52% between 2 1 2 and 
300 !J.lll, 2 .8 1 % between 300 and 600 !J.ffi, 0.03% between 600 and 850 I-Lm, and 0.0 1 % 
between 850 to 1 1 80 !-Lm. 
The porosity and permeabi l ity of the sediment were 35 % and 20. 1 5  Darcy. 
respectively (Table 3) . [70] The sediment sample used in this study was c lassi fied as si lty 
sand according to Petijohn method. Compositional characteristics of the sediment are 
shown in Table 4 .  Fossi l ferous l imestone rock sample (bulk density = 2 .5 g/ml )  was 
col l ected from Jabel Hafeet in Ai-Ain C ity (UAE).  The l imestone rock was crushed to 
three d ifferent s ize range (smal l :  � l 06 !-Lm, medium:  same size and distribution as the 
2 1  
ediment samples, l arge : 300 to 600 /lro ) to see the effect of par1. ic1e size on the extraction 
capac ity f 2 .  
The porosity and permeabi l ity of the smal l l imestone particles were 25 0'0 and 1 9 .3<1-
Darc) , re pectively, whi le those for the medium l imestone particles were S3  % and 5.78 
Darcy and for the large l imestone particle \.  ere SS % and 4.33 Darcy (Table 3)YO) 
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Table 3:  Propertie of  soi l and l imestone particles. 
Lime tone L ime tone Lime tone 
Property oi l  
( smal l )  ( m ed ium) ( la rge) 
Particle ize (�m) 1 50 :::; 1 06 1 50 300-600 
Poro ity (%) 35 25 53 55 
Penneabi l ity ( Darcy) 20. 1 5 1 9.34 5 .78 4 .33 
Table 4 :  Sediment sample characteristics. 
Composit ion Percentage Comments 
Quartz > 97% Quartz mostly  is  yel low- brown, g lassy and mi lky, sub-
angular to wel l  rounded grains. 
Sand 86 .52 % 
S i lt 1 3 .48 % 
Clay 0 .0% 
The other minerals are most ly :  feldspar, rock fragments, heavy mineral grains 
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2.2. M et hodology 
hi ection describes the e peri mental design detai l of the apparatus u ed, 
procedure and the s heme fol lowed for the accomplishment of the present re earch. 
2.2 . 1 .  E xperimental de ign 
n x perimental strateg was developed to ident ify the important factors out of many 
proce variables, under tand relationship between factors, optimize the e traction 
proces and to test the robu tness of the process. The use of experimental designs and of 
stat i tics pro ided a powerful framework to draw objective conclusions from l imited 
number of e periments. E traction of hydrocarbons with SCF from contaminated 
sedi ment was carried out by fol lowing the ful l  factorial experimental design with four 
factors. The factors i nvestigated were ( in parentheses are the variable coded values) :  
pressure with values of 250 (- 1 )  and 3 50 ( 1 )  bar, temperature 80 (- 1 ) and 1 60 ( 1 )  DC, 
flow rate of 1 (- 1 ) and 4 ( 1 ) m l/min and fluid type pure SC CO2 ( 1 ), modified SC CO2 
with 5 % ( / ) toluene (2) and modified SC CO2 with 5% ( v/v) n-heptane (3) . This  design 
was used to fmd the best conditions for the extraction of o i l  from contaminated sediment 
and to study the effects of a l l  factors (temperature, pressure flow rate of SCF, and type of 
modifier) on the extraction efficiency. The total number of factor- level combinations was 
24. Each experiment was repeated twice, resul t ing i n  a total number of 48 experiments. 
E xperiments were run in random order to e l iminate various types of biases due to 
uncontro l led nuisance factors. The statistical analysis was performed using the statistical 
package SPSS (SPSS inc. ,  Version 1 5 .0) . Table 5 shows the order of the experiments and 
the factor- level combinations. A l l  the statistical analyses of the effects of variables on the 
extraction efficiency were performed using a multi -way analysis of variance (A OVA) 
26 
with two repl ications per cel l .  Al 0, whenever appl icable, Tuke s H D Test \ as used to 
ident if the factor- level combinat ions that yield the extraction efficiency. 
The O2 extraction efficiency ( the ratio of extracted hydrocarbons to the initial 
amount of crude oi l  in place) i used throughout thi study to e aluate the capacity of CO:! 
to extract hydrocarbons from the sol id matrix,  i .e .  sed iment and rock .  
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Table 5 :  xperimental order and factor- level combination . 
Experiment order Temperature Pressure Flow Rate 
1 0 I I 1 
34 I I I 
43 1 I 1 
40 1 - I  1 
46 1 I 1 
2 8  - I  - I  1 
25  1 - I  - I  
4 - I  - I  I 
1 6  I - I  1 
22 I I I 
1 3  I - I  1 
1 - 1  - 1  - I  
1 9  1 I 1 
3 1  - 1  1 - 1  
7 - 1  1 - \  
3 7  1 - 1  - I  
1 8 I - 1  I 
6 - 1  - 1  I 
2 1  I 1 - 1  
3 3  - I  1 - I  
3 0 - I  - 1  1 
45 1 1 - I  
42 1 - 1  1 
2 7  - \  - I  - I  
3 9  \ - 1  -1 
24  1 1 I 
3 - I  - I  - I  
1 2  - I  I 1 
1 5  1 - 1  - I  
9 - I  I - I  
3 6  - 1  1 1 
48 1 1 1 
26 -I  -I  - I  
4 1  I - I  \ 
3 5  - \  1 \ 
29 -I  - 1  I 
3 8 1 - I  - I  
1 1  - I  I 1 
5 - I  - 1  I 
20  1 I - I  
8 - I  I - I  
2 - I  - I  - I  
4 7  1 1 I 
1 4  1 - 1  - 1  
2 3  1 1 I 
1 7  1 - I  I 
44 1 I - I  
3 2  - I  1 - I  
Modi fier 
1 
I 
1 
I 
1 
1 
1 
1 
I 
I 
1 
1 
1 
1 
1 
I 
3 
3 
3 
3 
.., J 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
* Factors code: Temperature (80 °C = - 1  and 1 60 °C = + I ), Pressure (250 bar= - I  and 3 50 bar = + I ), 
CO2 flow rate ( 1  m llm i n= - 1 and 4 ml/min= + I ), F l u id type ( Pure SC CO2 = I ,  Pure SC COl -t 5 % (v/v) 
toluene = 2, pure SC CO2 + 5 % (v/v) heptane = 3 ). 
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2.2.2. Experimental appa ratu 
Figure 5 hows the chematic diagram of  the experimental setup for supercritical fluid 
e traction u ed in thi study. The experimental apparatus consi sted of a 260 ml capa ity 
y ringe pump and a control ler s stem ( I  CO 2600), and an I CO eries 2000 CF 
traction stem ( FX 220) consisting of a dual-chamber extraction module with two 
1 0-ml stain less teel e sel . The syringe pump was equipped with a temperature control 
jacket, which was connected to tap water and was used for cool ing the pump cylinder 
when it wa fi l l i ng with CO2. Operating pressure of the syringe pump ranged from 1 to 
5 1 7  bar with an accurac of 0 . 5% and the flow rate ranged from 0.00 1 to 1 07 mllmin, 
also ith an accuracy of 0.5%. Displacement resolution of the syringe pump was 1 6 .6 �l .  
The display panel of the pump contro l ler system displayed the pressure, flow rate, 
t ime and volume of CO2 in the cyl inder. The extraction chamber of the SFX system had a 
temperature control of up to 1 50 °C. S ince the extraction chamber was smal l ( 1 0  ml ), 
some modifications were made on the system in  order to use a ten t imes larger extraction 
chamber ( 1 00 m l )  also made of stainless steel (DBR-1EFRI 1 00- 1 O-BE) .  This chamber 
was kept in an oven (Memmert ULE 400) to control its temperature. 
The oven had air c irculation and a temperature control ranging from 30 to 250 °C 
with a preci sion of 0 . 1 0c. Pressure within the extraction chamber was measured and 
contro l led by the ISCO system, whi le the temperature of the extraction chamber was 
measured and control led by the oven. 
An independent l-type thermocouple (Omega model l MTSS-062-V- 1 2) was used to 
confirm the surface temperature of the extraction chamber. This thermocouple was 
connected to a temperature contro l ler (Omega CN9000A) which displayed the 
temperature at the surface of the extraction chamber. A coi l  of tubing (about 1 . 5 m long, 
1 1 1 6  in .  stainless steel tubing) was used in the oven before the in let of the extractor to 
29 
en ure the equi l ibri um temperature of the so lvent pnor to entering the e traction 
chamber. 
In order to ha e a good control of the flow rate, a micrometer al e (H IP  1 5- J 2AF 1 -
V )  was u ed as the e pansion val e at the e it of th e traction chamber. J -type 
thermocouple (Omega model JMTS -062-U- 1 2) was fi tted to the urface of this 
e pan i n val e, and the val e was heated using a heat ing tape (Omega model FWH 1 7 1 -
o 0) .  The thermocouple and the heat ing tape were connected to a temperature control ler 
( Omega CN9000A) which contro l led and displayed the temperature of the expansion 
valve.  The temperature of the expansion valve was kept at the same val ue as that of the 
extraction chamber. The precision of the temperature measurements for both the 
extraction chamber and the expanSiOn valve was 0. 1 DC. A cold trap containing 
c irculat ing methanol was used to capture high temperature hydrocarbons while separat ing 
CO2 from other components of the mixture. 
Methanol wa cooled to - 1 5 °C using a chi l ler (Ultra-Kryomat, type K50D, No. 
D002 1 0, Messgerate-Werk Lauda, Germany) equipped with a circulating pump. After 
separating the extracted hydrocarbons from CO2 in the cold trap_ the CO2 was exhausted 
to a ventilating hood. 
30 
E xtracti o n  System 
Figu re 5: Experiment setup for supercritical fluid extraction. 
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2.2 .3 .  Experimental  proced ure 
The experimental pr cedure inc ludes three steps, preparat ion of sample . supercritical 
f1 uid c traction analysi of extracts and residues as shown in Figure 6. The sediment 
sample were prepared by spiking with crude oi l  fol lowed by FE process. E, traction 
) ie ld and compo ition of al iphatic hydrocarbons in the extracts were detem1ined. The 
residual hy drocarbons in the sediment, after FE process. were extracted by oxehlet 
c traction to anal ze for Total Petroleum Hydrocarbon (TPH ), Polycyc l ic Aromatic 
Hydrocarbon ( PAHs) and al iphatic hydrocarbon pro fi le.  In addition, surface topography 
of the ediment samples after SFE process was obtained by Scanning Electron 
Micro copy ( EM) .  The rock samples were prepared by crushing, sieving, selection of 
appropriate particle size and spik ing with crude o i l ,  then, fol lowed by SFE process and 
detennination of the extraction yield.  
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2.2.3. 1 .  Extraction of hydrocarbon by FE proce 
Extra tion efficienc of the C O2 process was studied on sedimen rock ample 
u ing th procedure of Hwang and Ortiz (2000). [ 57) Each edimentlrock sample (65 g) \ as 
spi ked 'W ith crude oi l  (6 . 5  g and was mixed thoroughly in a beaker. About 60 g of the 
piked ample was placed in a tainless steel cyl inder holder with two cap fitted with a 
tainle . teel (me h 200) fi l ter. 
In  a l l  run� , the initial oi l  to sediment or rock ratio was 1 0  w/w %. In order to have 
con istent packing the sample was added to the sample holder using a spatula and the 
holder wa tapped on a bench counter three t imes after each sample addition wlti l the 
holder was ful l  with approximate ly 60 g of sanlple. The sample holder was inserted in the 
extract ion chamber and kept in the oven at the desired temperature for at least 30  minutes 
to reach thermal equi l ibrium. 
Meanwhi le, the syringe pump was fi l led with carbon dioxide from a supply cyl inder. 
I n  the case of modi fied CO2, the second syringe pump was used to deliver the cosolvent 
(heptane or toluene), which was mixed with the CO2 stream at desired ratio. Pure and 
modi fied carbon dioxide at supercritical condition was then added to the ISCO SCF 
Extraction system (SFX system) and equ i l ibrated for about 1 5  minutes. The temperature 
of the SFX system was maintained at the same temperature as the oven which had the 
extraction chamber that contained the sample. The SCF was al lowed to flow through the 
coi l of tubing and enter the extraction chamber from the bottom.  The fl uid was 
equi l ibrated with the spiked sediment/rock sample for at least 30 minutes. 
The supercritical solution was then a l lowed to flow into a cold dry trap vial, where the 
extract was separated from the supercritical fl uid by depressurizing the system. The flow 
rate was maintained manual ly at about 1 or 4 m l/min, by the micrometering expansion 
valve. Flow rate of the SCF was measured by the movement of the piston in the syringe 
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pump and d i  played on the I CO control ler ystem. Therefore, the recorded flow rate of 1 
r 4 ml/min i the flow rate of  l iquid O2 at the s stem pre sure. The temperature of the 
depre uri zing al e was kept at 70 °C. The hot extracted hydrocarbons were col lected in 
the cold dry vial and the CO2 was sent to a venti lating hood. The temperature of the cold 
dry trap wa kept at - 1 5 ° . The cold methanol was circulated into a plastic cyl inder 
where the vial \Va held .  
For the run with pure CO2, mass of the e tract col lected in the vial was measured at 
di fferent vol umes of CO2 ( 1 5 , 25 ,  3 5 ,  50, 1 00, 1 50, 200, 300 and 400 ml )  passed through 
the sample. For the runs with modified CO2, mass of the extract col lected in the vial was 
only measured at 400 ml  of the SCF passed through the sample. At the end of the 
experiment (after 400 ml  of  the fluid was passed through the sample), the extraction 
proce s was stopped and the pressure in the extraction chan1ber was slowly dropped to 
atmospheric pressure. 
After the completion of each SFE experiment, the extracted hydrocarbons were 
d issolved i n  dichloromethane and the volume was completed to 25  and 50  ml  for the pure 
and modified CO2 runs, respectively. For the runs with modified CO2, concentrat ion of 
the modifier in  the extract was measured by Gas Chromatography. A l l  extracts and 
sediment samples after SFE process were stored i n  a refrigerator unt i l  analysis .  
A typical extraction run took about 7-9 hours for the conditions at the slow flow rate 
of 1 m l/min,  whi le it took about 2-3 hours for the conditions at the fast flow rate of 4 
ml/min .  The mass of the CO2 passed through the sample was calculated from the volume 
recorded on the ISCO contro l ler system and the density calculated from operat ing 
pressure and the temperature of the cool ing water using N IST Chemistry WebBook. 
The extraction efficiency (the ratio of extracted amount of oil to the init ial amount of 
o i l  in p lace) was used throughout this study to evaluate the capaci ty of pure and modi fied 
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CO2 to e tract crude o i l  from the sol id  matrix .  The effects of operating parameter ( i .e .  
temperature. pressure, O2 flow rate and mass of CO2 passed through the sample) and 
modi fier on the extraction e fficienc and compo ition of e tracted hydrocarbon were 
im e - L igated . 
2.2.3.2. Analyzing the re idual oil in the extracted ed iment sample 
The re idual oi l  remaining in selected sediment samples after extraction by C CO2, 
wa removed from the sediment matrix by soxhlet extraction using 250 ml of 
dichloromethane. The sediment sample was refluxed unt i l  the thimble containing the 
ample b come c lean. Then it was dried in the oven at 55 DC overnight. Composition of 
the re idual o i l  was analyzed by a GC and compared to that of the original oi l  and the 
e -tract detenn ined from supercritical CO2 extraction. 
Scanning Electron M icroscopy (SEM) images of the sediment samples after SFE 
proces were used to study the abi l i ty of the SC CO2 to extract hydrocarbons and reduce 
the residual hydrocarbons during the extraction process. Additional investigation for 
some of  the main pol l utant parameters, such as TPH and P AH, was conducted on the 
remaining sediment after the extraction process. These investigations were also 
undertaken to assess the technique's  efficiency to remediate contaminated U AE­
sediments. A l l  these analyses were performed by the Central Laboratory Unit (CLU) at 
the U nited Arab Emirates University and the procedures are described in the fol lowing 
sections. 
2 2.3. 2. 1. Scanning Electron Microscopy (SEM) 
I n  this study the SEM (lEOL 5600) with secondary electron detector (topographical 
observation of surface) backscattared electron detector (compositional observation of 
surface)  and X-ray detector (elemental analysis of spacemen) was used. The specimen 
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surface was coated by fine coater (JFC- 1 200) to form a metal fi lm for the electrical 
conducti ity. Then the sample was scanned at d ifferent magnification and the images 
were anaJyzed. 
2. 2.3.2.2. Determination o/ Total Petroleum Hydrocarbon ' (TPH) 
The tenn total petroleum hydrocarbons (TPH) describes a large fam i ly of several 
hundred chemical compounds that original ly come from crude oi l .  Due to the variou 
chemicals present in crude o i l  and in other petroleum products it is not practical to 
measure each one separately in a contaminated environment. However it is helpful to 
mea ure the total an10unt of TPH at a site. 
TPH may enter our environment through accidents, from industrial releases, or as 
byproducts from commercial or private uses. Some of the TPH compounds can affect our 
health by harming the central nervous system. For example, some compounds at high 
level s  in  the air can cause headaches and dizziness. Other compounds can cause a nerve 
disorder cal l ed "peripheral neuropathy" consisting numbness in  the feet and legs . Other 
TPH compounds can cause effects on the b lood, immune system, l ungs, skin, and eyes. 
Determination of TPH provides i nformation on the contamination of sediment with 
petroleum products. TPH measurement is an estimate of the amount of hydrocarbons 
present in the sample, which are mainly hydrocarbons with carbon numbers ranging from 
C8 to C40. This  range of carbon extends from the volat i le hydrocarbon compounds with 
the l ower boi l ing point to the non-volati le compounds found at the higher boi l i ng point 
range. 
In this study, about 5 g of the homogenized sediment was placed in  a 50 ml  beaker 
the sample was acidified to pH = 2 with approximately 0. 1 m l  of concentrated 
hydrochloric acid (HCL) 1 :  I .  Then 5 g MgS04 was added to the acidified san1ple and 
stirred to create a smooth paste. The paste was spread on the sides of the beaker and left 
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fi r about 1 5-30 minutes at room temperature unti l  the material was o l id ified. The sol ids 
were transferred to a mortar and grinded to a fine powder. The powder was then added to 
pap r e traction thimble. Both the beaker and the mortar were wiped with pieces of fi lter 
paper moi tened with sol ent and the paper was added to the thimble. The thimble wa 
plac d in a oxhlet apparatus and extracted using n-haxane. The rate and time of 
extract ion 10 the oxhlet apparatus were strictly control led to extract di fferent greases 
having varying olubi l i tie . After removmg the solvent, the extraction cup which 
contained the residue (TPH) was cooled and removed . The cup was kept in a desiccator 
and \ eighed. Final l  , the TPH was calculated (mg/Kg) from the weight of residue and the 
ample. 
2. 2.3.2.3. Determination of Polycyclic Aromatic Hydrocarbons (PAHs) 
Polycycl ic aromatic hydrocarbons ( PAHs) are group of chemical compounds that 
con i st of fused aromatic rings and do not contain heteroatoms or carry substituents. 
P AHs  occur i n  o i l  and are of concern because some compounds have been identified as 
carcinogenic mutagenic, and teratogenic .  
P AHs are l i pophi l ic ,  which means that they mix more easi ly with oi l  than water. 
P AHs can be found in the environment mainly in sediment, sediment and oi ly substances. 
Natural c rude o i l  contains significant amounts of PAHs, arising from chemical conversion 
of natural products such as steroids, to aromatic hydrocarbons. They are also found in 
processed fossi l fuel s, tar and various edible oi ls .  Therefore, PAHs are one of the most 
widespread organic pol lutants. 
The P A H  analysis was used in this study to determine the concentration of certain 
hydrocarbons in the sediment. These include 1 6  common pol lutant P AHs: Naphthalene, 
Acenaphthylene, Acenaphthene, F luorene, Phenanthrene, Anthracene, Fluoranthene, 
Pyrene, Benzo(a)anthracene, Chrycene, Benzo(b)f1uoranthene, Benzo(k)f1uoranthene. 
3 8  
Benzo(a)p rene, Dibenzo(a h anthracene, Benzo(g,h,l )perylene and lndeno( l ,2 ,3-
cd pyrene. These P H were extracted from sediment with (50:50 hexane:acetone) by 
using oxhlet extraction method. The solvent was then careful ly evaporated under 
nitrogen. Then a 20 III al iquot of the extract as injected into an HPLC.  The HPLC 
apparatu wa Waters 2695 l I i ance eparation Module, Water 474 canning 
Fl uore cence Detector coupled with Waters 486 UV Detector and Water Mi l lennium 32  
hromatographic Manager workstation. The HPLC col umn used in  this stud was a 
chromo phere-3 PAH col wnn ( 1 00*4.6 mm ID, 3 11m) .  The 1 6  PAH compounds were 
detected by ultra iolet (UV) and fluorescence detectors simultaneously. 
2.2.3.2 . .t. Hydrocarbon profile of extracts and residues 
Gas chromatography (GC) was used to analyze the al iphatic hydrocarbon composition 
of the original crude oil the extracted hydrocarbons and the residual hydrocarbons in 
contaminated sediment after supercritical fluid extraction. The gas chromatograph 
(Chrompack, CP900 1 )  was equipped with a 50 m x 0 .32 mm CP-SIL 5CB with DF = 1 .2 
Jlffi fused s i l ica capi l lary colwnn. Ni trogen gas was used as transport media (carrier gas). 
The analysis by GC was programmed to hold  the temperature of oven for 2 min at 40 DC, 
heating from 40 to 275 °C at  5 °C/min and then for 1 5 1  min at 275 °C. A spl i t  mode of 
injection was appl ied for the analysis of original crude o i l  and the SFE extracts. However, 
due to the low concentration of hydrocarbons in the residual oi l ,  a split less mode was 
appl ied for the analysis of al l residual oi ls .  
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CHAPTER 3 
R E  U L TS AND DISCUSSION 
3. 1 .  Introduction 
Thi work aim to invest igate the abi l ity of CO2 to extract ediment contaminants. 
i .e .  petroleum hydrocarbon . The extractions were carried out ut i l izing pure C CO2 and 
chemical l modi fied C CO2, i .e .  addition of 5 % (v/v) of n-heptane or to luene. Di fferent 
F E  condit ions ere u ed to study the infl uence of the pres ure temperature and CO2 
flow rate on the extraction efficiency and composition of the extracted hydrocarbons and 
residual hydrocarbons in the sediment. Each set of operat ing conditions were repeated 
twice, re u l t ing in a total number of 48 runs. Appendix  I includes the raw data for these 
48 runs.  In  addition, the abi l ity of SC CO2 to extract hydrocarbons at reservoir conditions 
(300 bar, 1 20 °C) was investigated on rock samples of different particle size and on the 
sed iment sample. The CO2 extraction efficiency is calculated according to the fol lowing 
equation and used throughout this study to evaluate the capacity of CO2 to extract crude 
o i l  from o i l -saturated sedi ment/rock at d ifferent pressures and temperatures: 
Extraction efficiency (%) 
3.2 .  Statistica l a n a lysis 
___ m_a_s_s ....=.of_ex_tr_a_ct_ed_ol_·l __ x 1 00 initial mass of oil in the soil sample 
The operating conditions that were i nvestigated on the sediment samples and the 
average value of the efficiencies at each set of operating conditions are summarized in  
Table 6 .  Moreover, values of density, viscosity and kinematic viscosity of pure CO2 at  the 
pressures and temperatures used i n  this study were calculated using N I ST Chemistry 
WebBook (Table 6) in order to investigate their influence on the SFE process. Although 
4 1  
b th den it and viscosity of O2 always increa e with pressure and decrease with 
temperature, the combined property (kinematic vi scosity) does not show a con tant effect 
ith pre ure and temperature. Th temperature and pre ure combinations employed in 
thi tud) were: 250 and 350  bar at 80 and 1 60 ° (Table 6) .  The lowest alue of 
extraction efficiency (68 .38% ± l .99) with an addition of 5 % toluene was obtained at 
250 bar and 1 60 °C, hi le the maximum efficiency (92.26 % ± 5 .40) was found at 350 
bar and 80 °C with an addition of 5 % n-heptane. The highest efficiency obtained by C 
O2 alone ( without fluid type) was 78 . 5 1 % ±0.46, which was obtained at 350 bar and 
1 60 ° . The large variation in  the susceptibi l ity of crude oi l  to the extraction by SC CO2 
i bel ie ed to be attributed to the complexity of  crude oi l  mixture containing tens of 
thou and of  saturated and aromatic hydrocarbons and no-hydrocarbon compounds with 
signi ficantly d ifferent physico-chemical properties that vary with temperature and 
pressure. 
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The tatistical anal sis was based on a ful l  factorial model with four factors 
(temperature, pressure, flow rate and fluid type) with two repl ications per cel l .  A four-
way anal ) i of variance (A OVA) was used, where the response was the raw extraction 
e ffic iency value and the four factor were temperature, pressure, flow rate and fluid type. 
A level of  5% was u ed a the cut-off alue for tat istical significance. 
Re ult of the multi-way A OY A based on the original val ues of extraction 
efficiency how that temperature, pressure and fluid type bave significant effect on the 
extraction e fficiency, but the flow rate of the CO2 does not have a sign ificant effect, i .e .  
ig. >0.05 (Table 7) .  Moreover, pressure and fluid type interact. This means that the 
effect of pressure depends on which fluid is used and vice versa, which is not the case 
with temperature. However, by checking the validity of the ANOYA model using residual 
analys is, the normality assumption was found to be satisfied, i .e .  the p-value is higher 
than 5%.  But, the homogeneity of variance assumption was found to be satisfied with 
respect to the factors flow rate, temperature and pressure, but it was not satisfied with 
respect to fluid type. This violation of the assumptions of ANOY A should not have 
adverse effects on  the validi ty of  the method because when the model is balanced ( i .e . ,  
. h 
. I '  [7 1 ]  there are equal n umbers of repl ications per cel l )  ANOY A I S  robust to suc a VIO atIOn. 
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Table 7: tat istical analysis based on a multi -way ANOV A. 
ouree Type I I I  Sum 
of Square� 
orrected Model 1 760.595(a) 
Intercept 283 ,086.096 
Temperature 246.404 
Pressure 458 .76 1 
Fluid Type 759. 580 
F low Rate 2 . 3 1 6  
Temperature * Pressure 0 .906 
Temperature * F l uid Type 36.043 
Pressure * F luid T pe 86.269 
Temperature * Pressure * 64.238 F luid Type 
Temperature * F low Rate 0 .7 1 8  
Pressure * F low Rate 1 .245 
Temperature * Pressure * 2 .800 F low Rate 
F luid Type * F low Rate 7 .423 
Temperature * F lu id  Type * 2 1 . 3 30  
F low Rate 
Pressure * F luid Type * F low 66.958 
Rate 
Temperature * Pressure * 5 .604 
F luid Type * F low Rate 
Error 287 .3 1 2  
Total 285, 1 34.003 
Corrected Total 2,047.907 
(a) R Squared = 0.860 (Adjusted R Squared - 0.725) 
* df: degrees of freedom . 
* *  F: Test Statistic. 
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df* Mean 
Square 
23 76.548 
1 283 086.096 
1 246.404 
1 458.76 1 
2 379.790 
1 2 .3 1 6  
1 0.906 
2 1 8 .02 1 
2 43 . 1 34 
2 32 . 1 1 9  
1 0 .7 1 8  
1 1 .245 
1 2 .800 
2 3 .7 1 2  
2 1 0.665 
2 3 3 .479 
2 2 .802 
24 1 1 .97 1 
48 
47 
F** Sig. 
6.394 0.000 
23 ,646.97 1 0.000 
20.583 0.000 
38 .322 0.000 
3 1 .725 0.000 
0. 1 93 0.664 
0 .076 0.786 
1 . 505 0.242 
3 .603 0.043 
2 .683 0.089 
0.060 0.809 
0 . 1 04 0.750 
0.234 0.633 
0 .3 1 0  0.736 
0.89 1 0.423 
2 .797 0.08 1 
0 .234 0.793 
Figures 7 and 8 i l l ustrate the effects of  temperature and flow rate on the extraction 
efficiency, re pecti e ly .  Figure 7 repre ents the mean val ue of extraction efficiency for 24 
e peri ments at each temperature inc lud ing bars showing the standard error of the mean. 
imi larl , the mean alue of the extraction efficiency for 24 experiments at each flow rate 
hown in F igure 8 .  Re ult ind icate that flow rate does not affect the extract ion 
efficiency whi le  temperature has an in erse effect on the extraction efficiency. 
Due to the interaction between pressure and fluid type, effect of these parameters can 
not be shov"n separately,  therefore, Figure 9 shows the effect of both pressure and the 
fluid type on the extraction efficiency. Each point on Figure 9 represents the mean value 
of extraction effic iency for 8 experiments for each fluid type at a given pressure including 
bars showing the standard error of the mean . As shown in  the figure, the extraction 
efficiency of pure and modified SC C02 i ncreases as the pressure is increased. Moreover, 
the extraction efficiency of the modified SC CO2 by 5% (v/v) heptane is higher than that 
of both pure C CO2 and modified SC CO2 with 5% (v/v) toluene. However, due to the 
interaction between pressure and fluid type, the extraction efficiency of modified SC CO2 
with 5% (v/v) toluene i s  found to be h igher than that for pure SC CO2 at the low pressure 
(250 bar) but lower at the high pressure ( 350  bar) . 
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3.3. u pe rcri tica l ca r bon dioxide ext raction of hydroca rbons 
In the f, l lowing sections the effects of O2 flow rate, temperature, pres ure and 
modi fier typ on capacity of C CO2 for the extraction of hydrocarbons from sediment 
,aturated with Bu Ha a crude oi l  are discussed. Al l rw1S exhibited a similar nonl inear 
trend for e traction effic iency vs. rna s of CO2 used. However, the initial slope and the 
final average value of e traction effic iency were different for the condition investigated 
in thi tud . Moreover, add it ional experiment \ ere conducted in order to investigate the 
effect of grain size ( t  00 to 600 J.lm) and type (sediment and l imestone) on the extraction 
capac ity of C CO2 . 
The extraction efficiencies of SC CO2 from sediment saturated with Bu Hasa oi l  are 
plotted to i l l u  trate the effect of d ifferent parameters. Mass of the extracted o i l  and the 
O2 passed through the sample are also shown on the same figures. The results indicate 
that a h igh CO2-oi l  ratio (about 1 0 9 CO2/g of o i l ,  estimated from the slope of the l inear 
part of the curve) i s  required i n  the extraction process . The C02-oi l  rat io obtained here is 
about 3 t imes higher than the reported value for successfu l  C02 flooding projects. [64] 
However, the focus of this study was on the extraction mechanism at the COroi l  contact 
point and not on the d isplacement process. 
3.3. 1 .  Effect of flow rate 
Decreasing the flow rate usual ly  ensures more contact time and results in higher 
extraction efficiencies for a g iven amount of CO2 used. However, saturation is achieved 
at certain flow rates below which the flow rate does not affect the extraction efficiency of 
, 
the solvent. Two flow rates ( 1  and 4 m llmin) were used in this study. Moreover, when 
evaluating the influence of the C02 flow rates, i .e. 1 and 4 mllmin, on the extraction 
capacity of the fluid from oi l -saturated sedi ment, a l l  extractions were carried out using 
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400 ml  of the extraction fluid. Both flow rates were studied at al l operation conditions as 
hov. n prev iousl in Table 6 .  
The result pre ented in  Figure 10  and 1 1  howed that the extraction efficiency was 
almo t the arne at both flow rates used in thi s study ( 1  to 4 mllmin) .  Therefore, the 
extracti n proce s i independent of the CO2 flow rate for the studied conditions and thus 
the extraction process should be operated at 4 mllmin in order to reduce the extraction 
time. The insign ificant effect of flow rate on extraction efficiency is mainly due to the 
high extra tion pressures ( 250 and 350 bar) . Therefore, the extraction effic iency may vary 
with CO2 flow rate if  the extraction pressure is lower. 
50 
1 00 
5 90 
80 -
� 4 0 70 ->-
U -
0') 60 c: - .� ... 3 u u P = 250 ba r � � 50 ... T= BOaC Q) >< c: 
W 40 0 2 +i u 
30 nl � ... 
>< 
20 W 
_ 1  m l/min 
........-4 m l/mm 1 0  
0 0 
0 1 00 200 300 400 
CO2 (9) 
1 00 
5 90 
80 -
� 4 0 
-?.i � 70 >-• U - c: 
0') 60 Q) - -. 0 ... -' 0 P=2 50 bar 50 !E nl � Q) ... T= 1 60°C c: >< 
w 2 
40 0 +i u 
30 nl � ... 
>< 
20 W 
_ 1  mIImin 
""",,-4 mJ/min 
1 0  
0 0 
0 1 00 200 300 400 
C O2 (9 ) 
Figure 1 0 :  Effect of CO2 flow rate on the extraction efficiency of pure SC CO2 at 250 bar 
and two temperatures ( 80 and 1 60 DC ) .  
5 1  
1 00 
5 90 
80 -
-+ � 0 
70 >-(.) -
tn c:: - 60 Q) 
- , (.) (.) !E cu P= 350 bar 50 t... Q) - T=800C >< c:: 
w 2 40 0 .. (.) 
30 CU t... -
>< 
20 W 
_ I ml min 
-'-4 m1 min 1 0  
0 0 
0 1 00 200 300 400 
CO2 (g ) 
1 00 
5 90 
80 -
-+ 
� 0 -
70 >-(.) 
- c:: 
tn 60 Q) -
- 3 (.) (.) P= 350 bar 50 !E CU t... Q) - T= 1 60°C c:: >< 
w 2 
40 0 .. (.) 
30  CU t... ->< 
20 W 
_ I  mllmin 
-.-4 mJlmin 1 0  
0 0 
0 1 00 200 300 400 
CO2 (g ) 
Figu re 1 1: Effect of CO2 flow rate on the extraction efficiency of pme SC CO2 at 350 bar 
and two temperatmes ( 80 and 1 60 DC) .  
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3.3 .2. Effect of tem perature 
The effect of temperature on the extraction efficiency of C O2 is shown in Figure 
1 2  and 1 3 . The t mperature had an in erse effect on the e traction effic iency of CO2 at 
lov. cr pre sure (250  bar) ( Figure 1 2 ) .  At this pressure, when temperature i increa ed 
from 80 to 1 60 °C, the kinematic i scosity increases by 5 .6 % and interfacial tension is 
c'Xpected to increa e due to the decrease in CO2 density of 42 .7 %. The increase in both 
kinematic vi co it and interfacial tension adversely affects the extraction capacity of 
CO2 leading to approximately  4.9 % decrease in the extraction efficiency. On the other 
hand. at the higher pressure ( 3 50  bar), when temperature is raised from 80 to 1 60 °C, the 
interfac ial tension is expected to change Wlfavorably (since the density decreases by 33  
° 0) whi le  the k inematic viscosity changes favorably (decrease by  7 . 3  %). Consequently, 
temperature has a negl igible effect on the extraction efficiency of C02 (77 .76 and 78 .5 1 
% for 80  and 1 60 °C. respective ly  at flow rate = 1 ml/min) (Figure 1 3 ) .  
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Figu re 12 : Effect of temperature on the extraction efficiency of pure SC CO2 at 250 bar 
and two flow rates ( 1  and 4 mllmin) .  
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Figure 13:  Effect of temperature on the extraction efficiency of pure SC CO:! at  350 bar 
and two CO2 flow rates ( l  and 4 mUmin) .  
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3.3.3. Effect of pre ure 
The extraction efficiencies of C CO2 from ediment saturated with Bu Ha a oil are 
plotted as a function of extraction pressure on Figures 1 4  and 1 5 . Mass of the extracted 
o i l  and the O2 passed through the sample are also shown on the same figures. The 
re ult indicate that at both temperatures ( 80 and 1 60 DC) the extraction efficienc. 
increa ed with increasing pressure. For example, raising the pre sure from 250 to 350 bar 
increased the extraction efficienc of CO, from 72 .32 to 77.76 % at 80 DC and flow rate 1 
mUmin, and from 68 .44 to 78 .5 1 % at 1 60 DC. At 1 60 DC, when the pressure is increased 
from 250 to 350  bar, kinematic viscosity of CO2 decreases by 4 %, leading to an increase 
in the extraction efficiency by about 1 5  %. On the other hand, at the lower temperature 
(80 D ). for the same change in pressure, the kinematic viscosity of CO2 increases by 
about 9 %.  
Al though the i ncrease in  the kinematic viscosity adversely affects the extraction 
proce s, the extraction efficiency increased by about 7.5 %. This suggests that other 
factors such as interfacial tension may have a significant effect on the extraction process. 
Therefore, at 80 DC when the pressure is increased from 250 to 350 bar the COroi l  
interfacial  tension is  expected to  decrease, resul t ing in  a favorable effect on the extraction 
process and leading to an increase in the extraction efficiency by 7 .5 %. The increase in 
the extraction efficiency at 1 60 DC was higher than that at 80 DC. This is bel ieved to be 
due to the fact that at 1 60 DC both kinematic viscosity and interfac ial tension change 
favorably when the pressure is i ncreased from 250 to 350 bar whi le at 80 DC only 
interfacial tension has a favorable effect on the extraction efficiency for the same increase 
III pressure. 
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Figu re 1 4 : Effect of pressure on the extraction efficiency of pure SC CO2 at two 
temperatures ( 80 and 1 60 °C ) at CO2 flow rate of 1 m l/min.  
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Figu re 1 5 : Effect of pressure on the extraction efficiency of pure SC CO2 at two 
temperatures (80 and 1 60 DC) at CO2 flow rate of 4 mllmin .  
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3.3.4.  E ffect of modifier 
s e ident from Figure 3 in ection 1 of chapter 2, Bu Hasa crude oiL which \ as used 
in th is  tudy, contained ignificant amount of light hydrocarbons. Therefore, n-heptane 
and tol uene ere chosen a chemical modi fiers for the C CO2 to in estigate the effect of 
a polar and a non-po lar modi fier with the same carbon number. n-heptane, a non-polar 
al iphat ic h drocarbon and toluene, an aromatic hydrocarbon with a polarity index of 2.4, 
ha\ e high o l \'ency for hydrocarbon . 
The effect of  modifiers (heptane and toluene) on the extraction efficiency of SC CO2 
wa tud ied hen 5 % ( vI ) a modifier was used to enhance the salvation power of CO2. 
Ba ed on the results shown in Figure 1 6, n-heptane shows that it is more effective than 
toluene in enhancing the extraction efficiency of SC CO2. The increase in the efficiency 
when uti l izing heptane can probably be attributed to the richness of Bu Hasa crude oi l  
composition in  al iphatic non-polar hydrocarbon compounds such as n-alkanes (C6-C22) as 
shown in F igure 3 .  The crude o i l  composition in Figure 3 i l lustrates that the compounds 
with C20 or higher are only 1 2  mole % of the Bu Hasa crude o i l .  I n  other words, Bu Hasa 
crude o i l  contains l i ght and moderate hydrocarbons. These hydrocarbons dissolve more in 
heptane than toluene. Therefore, uti l izing toluene results in lower extraction efficiency 
than when pure SC CO2 or modified SC C02 with heptane is used. However, more study 
should be conducted to confirm these results. 
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3.3.5. Effect of particle type and ize 
The effect of particle size on the extraction capac ity of C 2 from l imestone particle 
aturated with Bu Hasa oi l  was invest igated at 300 bar and 1 20 0 . Three di fferent 
partic le ize ( mal l ,  medium, and large) of l imestone were used and the results are 
compared to the extraction capacity of CO2 from sed iment (F igure 1 7). The medium size 
con i ted of the arne size and distribution of l ime tone particles as the sediment samples 
col l ected from ahel oil field ( 1 1 %  less than 1 06 !lm, 29.56% between 1 06 and 1 50 !lm, 
44.07% bet een 1 50 and 2 1 2  !lffi, 1 2 . 52% between 2 1 2  and 300 !lm, 2 . 8 1 %  between 300 
and 600 !lffi, 0.03% between 600 and 850 !lm, and 0.0 1 % between 850 to 1 1 80 !lm). 
The mal l s ize consisted of l imestone particles less than 1 06 !lm, whi le the large size 
consisted of particles ranging from 300 to 600 !lm. The results show that extraction 
efficiency of CO2 from sediment is higher (by about 1 2%) than that from l imestone 
partic les of the same size and distribution (medium size), indicating that Bu Hasa oi l  
holds more strongly to the l imestone particles than to the sed iment particles. This is 
attributed to the differences in  the physico-chemical properties of the l imestone and 
sedi ment samples. Although the smal ler porosity of sediment compared to l imestone 
partic les ( Figure 1 7) adversely  affect the extraction efficiency, the higher penneabi l ity of 
sedi ment than l imestone particles is bel ieved to contribute to the higher extraction 
efficiency in sediment. 
The medium and large l imestone particles resulted in almost the same extraction 
efficiencies, which were about 1 5% higher than that from the smal l l imestone particles. 
The lower extraction efficiency obtained for the smal l particles are most l i kely due to the 
larger surface area for the o i l  to hold to, making it more d ifficult to be removed from the 
surface and thus reducing the extraction efficiency. 
6 1  
1 00 I 
.-. 80 
� 7 1 . 1 4  
60 
40 
20 
o 
Soi l  
6 1 .02 59.8 
52.68 
Limestone (S) Limestone (M) Limestone (L) 
Type of matrix 
Figuer 1 7: Effect of  mtrix type and part ical size on the extraction efficiency of pure SC 
CO2 at reservior conditions ( 1 20 °C and 300 bar) at CO2 flow rate of 1 m l/min .  S = small 
size (:51  06 �m), M = medium size ( 1 50 �m) and L = large size (300-600 �m). 
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3.4. T h e  extract and t h e  residua l oi l  in t h e  e xtracted sedi m ent sam ple 
The re ult of G analysis for the extract and residue in sediment is  pre ented and 
di cus ed. Moreover, the EM TPH and P H analyse re u l ts are discussed. in order to 
achieve the econd objective of this work. 
3.4. 1 .  Ana lysi  of extract and re idues 
Gas chromatographic analysis was used in this study to determine composition of the 
e tracted o i l  and the r sidual o i l  remaining in the sed iment samples after the SC CO2 
extraction process. The gas chromatograms of the original crude, extracted oi l  obtained 
from the SFE process, and the residual o i l  remaining in the sediment samples are shown 
in F igures 1 8-20 for representative runs. These results show that pure or modified CO2 
(with 5 % heptane or toluene) at the high pressure and low temperature ( 3 50 bar and 80 
°C) is capable of extracting gasol ine and diesel range hydrocarbons (up to C22). Only a 
very small amount of hydrocarbons remained in  the sediment sample as residue, 
suggesting that the supercritical fluid at this pressure and temperature can extract a wide 
range of hydrocarbons, in agreement with the results of extraction efficiency (Table 6). 
The res idual o i l  remaining in the sedi ment sample was not significantl y  different in 
the case of chemical ly modified C02 as compared with extraction by pure CO2 at the 
same conditions. This might be due to the high density of SC C02 at the studied 
conditions (250 and 350  bar). Therefore, the enhancement in the solvating power of SC 
CO2 by the addit ion of 5 % heptane or toluene was not very significant at these high 
pressures. 
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Figure 1 8 : Gas chromatograms of the original Bu Hasa crude oi l ,  extract obtained from 
SFE, and the residue. SFE conditions: 3 50 bar and 80 °C, pure SC C02. 
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Figure 1 9 : Gas chromatograms of the original Bu Hasa crude oi l ,  extract obtained from 
SFE, and the res idue. SFE conditions: 350  bar and 80 °C, SC CO2 + 5% (v/v) heptane. 
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SFE,  and the residue. SFE conditions: 350  bar and 80 DC, SC CO2 + 5% (v/v) toluene. 
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3.4.2.  ca n n ing electron m icro copy (SEM ) 
canning electron micrographs of selected sediment samples were used to study the 
apacit of the C CO2 to extract hydrocarbons and reduce the residual hydrocarbons 
during the e traction proces . These micrographs are shown for the sediment sample 
aturated \ ith Bu H asa crude o i l  (F igure 2 1 ), for sediment sample after being extracted 
by pure C CO2 at 3 5 0  bar and 80 °C (F igure 22), for sediment sample after being 
e tracted b pure C CO2 at 250 bar and 1 60 °C ( Figure 23), and for the sediment sample 
extracted by modi fied C 02 with 5% (v/v) heptane at 3 50 bar and 80 °C (Figure 24).  
The results obtained from these images are in  agreement with the resul ts obtained for 
both extraction efficiency and TPH analysis. By comparing the SEM images in Figures 
22 and 24 with that i n  F igure 2 1 ,  the effect of pure and modified SC CO2, at high pressure 
and low temperature, is apparent in extracting crude o i l  from sediment particles. On the 
other hand, the SEM image of the pure SC CO2 at low pressure (250 bar) and high 
temperature ( 1 60 °C) showed some remaining hydrocarbons or hydrocarbon residues 
(F igure 23 ) .  Therefore, pure SC C02 was not able to completely remediate the 
contaminated sedi ment at these conditions, which is in agreement with the previous 
observations obtained by the GC analysis of the extracts and residues and with the results 
in  Table 6 .  
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Figure 2 1 :  Contaminated ediment with Bu Hasa crude o i l .  
Figure 22 : Sediment after extraction by pure SC CO2 at 350 bar. 80 °C, 1 ml/min. 
68 
Figu re 23 : Sediment after extraction by pure SC C02 at 250 bar, 1 60 DC, 1 ml/min.  
ediment after extraction by SC CO:? + 5% (v/v) heptane at 350 bar, 80 DC, 1 
69 
3.4.3. Tota l petroleum hyd rocarbon (TPH) analy i 
I n  thi stud , the capacit of C 02 to extract TPH from ediment saturated with Bu 
Hasa crude oil was in e tigated D r some elected runs. This study could how the be t 
condition t remediate the contaminated ediment and thus reduce the harmful effect of 
the TPH compounds on our health. 
Ba ed on Table 8,  at high pre sure ( 350 bar) and low temperature (80 DC) C 02 is 
capable f e tracting about 93% f TPH from the pol luted sed iment compared to about 
76% remo al of TPH at low pressure (250 bar) and high temperature ( 1 60 DC), which 
matche the results obtained from the extraction efficiency of C C02 as shown in Table 
6. 
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3.4.4. Polycycl ic A romatic Hydrocarbon ( PAll) analysi 
I n  thi tudy, the P H measurement was conducted for selected runs to investigate the 
efficiency of  CO2 in e tra ting PAHs from sediment samples contaminated with Bu 
Ha a crude o i l .  The re ults for the concentration of 1 6  PAHs in the elected sediment 
ample after the FE proces are presented in Table 9. 
Based on re ult shown in Table 9, the contaminated soi l sample with Bu Hasa crude 
o i l  has low (undetectable) concentration of Acenaphthylene, Anthracene. 
Benzo(b ) f1ouranthene, Benzo(k)flouranthene and Benzo(a)pyrene. Supercritical Ouids 
u ed in thi investigacation were able to significantly  remove or reduce the concentration 
of Naphthalene, Acenaphthene, Flourene, Phenanthrene F luoranthene, Pyrene, 
Benzo( a)anthracene, Chrycene, Dibenzo( a,h )anthracene, Benzo(g,h,i )pery lene, 
Indeno( 1 ,2 3 -cd)pyrene). 
P ure SC CO2, at 1 60 cC and 350 bar, removed al l PAH compounds with efficiency 
greatere than 98%. At al l conditions, Naphthalene, Acenaphthene, F lourene. 
Benzo(a)anthracene, Chrycene, and Dibenzo(a,h)anthracene were removed with an 
efficiency greater than 99%. 
The efficiency of SC CO2 to remove Pyrene at all extraction conditions was low 
compared to other P AH compounds. However, extractions at 80 DC show lower efficiency 
to extract Pyrene and Phenanthrene than that at 1 60 c C. This might be attributed to the 
effect of high temperature, which increases the volati l i ty of the P AHs and thus increases 
their  solubil ity i n  the fluid. Further studies are needed to confirm this result .  
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CHAPTER 4 
CON CLUSION S 
CHAPTER 4 
CONCLUSION S 
Effect of temperature pressure, CO2 flow rate and modi fier type added as 5% (v/v) 
on the e tra tion capacity of C CO2 from contaminated sediment have been investigated 
in thi stud . The results of this study indicated that SC CO2 is  an effective solvent, which 
lead to higher o i l  recoveries when appl ied at the high pressure ( 3 50) bar. Furthermore, the 
result how that the in est igated flow rates do not have a signi ficant effect on the 
effic iency of SC CO2 to extract hydrocarbons from contaminated sediment. Therefore, it 
is recommended to use the high flow rate, i .e .  4 ml/min, in order to reduce the time 
required for the remediation of contaminated sediments. Moreover, the temperature, i .e. 
80 and 1 60 ° , has no significant effect on the extraction efficiency of SC CO2 at the high 
pressure ( 350  bar). Therefore, it i s  recommended to apply  the low temperature during the 
extraction process in order to save energy. Additional ly, for sediments contaminated by 
Bu Hasa crude oi l ,  chemical modification of CO2 by adding 5% (v/v) heptane is more 
effective than adding 5% (v/v) tol uene. 
The best conditions to extract up to (92.26 %) of the hydrocarbons in  the sediments 
contaminated with Bu Hasa crude o i l  was by the modified SC CO2 with 5% (v/v) heptane 
at h igh pressure ( 3 50 bar), low temperature (80 °C) and flow rate of 1 ml/min. However, 
pure SC CO2 was able to extract up to 77 % of the crude o i l  in the sediment at the same 
conditions. Therefore, it is suggested to uti l i ze pure C02 at these conditions to extract the 
hydrocarbons from contaminated sediments i n  order to avoid the harmful impact of the 
organic solvent on the environment. 
Supercritical CO2 at high pressure ( 350  bar) and low temperature (80 °C) is an 
effective remediation technique, which minimizes the residual hydrocarbons as shown on 
the GC chromatograms and SEM images.  Moreover, pure SC C02 was able to remove 
75  
more than 93% of the TPHs present in sediment contaminated by Bu Hasa crude o i l .  
Furthermore, pure S CO2 and SC CO2 chemical ly modified with 5% (v/v) heptane were 
capable of  reducing the concentration levels of PAHs in the contaminated sediments by 
Bu Ha  a crud o i l .  
Additional ly,  in thi study, the effect of particle type ( sediment and l ime tone) and 
i7e on the CO2 extraction capacity at reser oir conditions was investigated . The 
re ults how that extraction efficiency of CO2 from sediment ( 7 1 . 1 4%) is higher than that 
from l ime tone particles (6 1 .02%) of the same size and distribution, indicating that Bu 
H asa oil holds more strongly to the l imestone particles than to the sediment particles .  This 
is due to the d ifferences in the physico-chemical properties of the l imestone and sediment 
samples. Additional ly, extraction efficiency was lower for the smal l l imestone particles, 
which is  attributed to i ts larger surface area compared to that of larger particles. 
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APPENDICES 
A p pe ndix I :  SFE experi menta l  resu lts 
78 
SFE experimental re u lt for pure CO2 
Run N u m ber :  1 
Conditions 
Temperature (OC) Pressure (bar) Flow Rate (mUmin) Fluid Type 
80 350  4 CO2 Only 
CO2 Density (g) = 0.9866 1 Initial o i l  mass (g) = 5 . 5 1 1 1  
Sample weight (g) = 60.62 
o l ume (m l )  O2 Mass (g) 
Extract weight (g) Efficiency (%) 2 
cumulative absolute cumulative absolute 
0 0.00 0.00 0.00 0.00 0.00 
1 5  1 4 .80 l . 52 1 . 52 27.54 27.54 
25 24.67 2 .74 l .22 49.7 1 22. 1 6  
3 5  34 .53  3 .40 0.66 6 1 .66 1 1 .95 
50 49 .33 3 .83  0.43 69.42 7 .76 
75 74.00 4.04 0.22 73 .38  3 .96 
1 00 98 .66 4 . 1 3  0.08 74.90 1 . 52 
1 50 1 47.99 4.2 1 0.08 76.34 1 .44 
200 1 97 .32  4 .26 0.05 77.27 0.93 
300 295.98 4 .32 0.06 78 .36 1 .09 
400 394 .64 4 .35 0.03 78 .87 0 .5 1 
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F ina l  Extraction Efficiency % = 78.87 
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Tem perature (0C ) 
- -
80 
O2 Den i t) (g)  -
O2 o l ume ( m l )  
0 -
1 5  
25  
3 5  
5 0  
7 5  
1 00 
1 50 --
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-
� 3 -(.) "' "-->< 
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Run Numbe r - 2 
Condi tions 
Pressure (bar) F lo\\ Rate ( m l/m i n )  I F l u id T) pe 
350  4 I CO� On l)  
0 .9866 1 I n i t ia l  o i l  mass (g) = - .4797 
Sam ple \\ e i ght (g) = 60.3 1 
O2 Mas (g)  
Extract \\ eight (g) Effic ienc) (%) 
cumu lat ive absol ute cum ulat ive ab ol ute 
0 .00 0.00 0.00 0.00 0.00 -
1 4 .80 0 .90 0.90 1 6 .40 1 6 .40 
24.67 2 .04 1 . 1 4  3 7 .24 20.84 
34 . 53  2 .76 0.72 50 .46 1 3 .2 1 
49 .33 3 .3 0  0 . 53  60. 1 4  9.68 
74.00 3 .75 0.46 68 .49 8 .35  
98 .66  3 .98 0.23 72 .60 4 . 1 1  
1 47 .99 4 .07 0 . 1 0  74.34 1 . 74 
1 97 .32 4 . 1 1 0.04 75 .02 0.69 
295 .98 4. 1 4  0.03 75 .59  0 .57  
394 .64 4 . 1 6  0.02 75 .92 0 .34 
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Final  E x t raction E fficiency % = 75 .92 
80 
Temperature (OC) 
1 60 
CO2 Den ity (g )  = 
CO2 o lume (ml )  
0 
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-
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R u n  N u m ber :  3 
Conditions 
Pressure (bar) F low Rate (mllmin) Fluid Type 
3 50 1 Pure CO2 
0.9866 1 I nit ial o i l  mass (g) = 5 .4770 
ample weight (g) = 60.27 
CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0.00 0.00 0.00 0 .00 0.00 
1 4 .80 1 . 3 7  l .3 7  25 . 1 0 25 . 1 0  
24.67 2 .36  0 .98 43 .07 1 7 .97 
34 .53  2 .90 0 .54 52 .89 9.83 
49.33 3 . 5 1 0.62 64. 1 4  1 1 .25 
74.00 3 .95 0.43 72 .06 7 .92 
98.66 4 . 1 2  0 . 1 7  75 .23 3 . 1 7  
1 47 .99 4 . 1 8  0.06 76.29 1 .06 
1 97 . 32  4 .24 0.06 77.40 l . 1 1 
295 .98 4 .30  0.06 78 .49 l .09 
394.64 4 .33  0 .03 79.06 0 .57 
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Fina l  Extraction Efficiency % = 
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300 400 
79.06 
R u n  N u m ber:  4 
Conditions 
Temperature ( OC)  Pressure (bar) F low Rate (ml/min) Fluid Type 
1 60 250 4 Pure CO2 
C02 Den it (g) = 0.94298 I nitial oil mass (g) = 5 .4803 
Sample weight (g) = 60.26 
O2 Volum (ml )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0.00 0.00 0.00 0.00 0.00 
25 23 . 57 2 . 1 3  2. 1 3  38 .78 38.78 
50 47. 1 5  2 .78 0.66 50.79 1 2 .0 1 
75 70. 72 3 .06 0.28 55 . 85 5 .05 
1 00 94.30 3 .22 0. 1 6  58 .79 2.94 
1 50 1 4 1 .45 3 .43 0.2 1 62 . 55 3 .76 
200 1 88 .60 3 . 53 0. 1 0  64.34 1 .80 
300 282 .89 3 .68 
. 
0. l 5  67. 1 7  2.82 
400 3 77 . 1 9  3 .76 0.08 68 .57 1 .40 
-- 1 00 
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r: -� 4 � 0 ->. CJ 60 t: - .!!! 
C'l 3 -1 CJ - IE ... fa CJ Q) cu t: ... ... 40 0 >< 2 � :.t:i W CJ 30 cu ... ... >< 
-t- 20 w 
1 -1 
t
l O 
0 
• --+- 0 
0 1 00 200 300 400 
C O2 (9 ) 
I Final  Extraction Efficiency % = 68 .57 
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R u n  N u m ber :  5 
Conditions 
Temperature (OC) Pressure (bar) Flow Rate (mllmin) F luid Type 
1 60 350 4 Pure CO2 
C02 Density (g)  = 0.9866 1 �nitial o i l  mass (g) = 5 .4560 
Sample weight (g) = 59.98 
C02 Volume (ml )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0.00 0.00 0.00 0.00 0.00 
25 24.67 3 .05 3 .05 55 .99 55 .99 
50 49.3 3 3 .66 0.6 1 67. 1 4  1 1 . 1 5  
75 74.00 3 .84 0. 1 8  70.40 3 .26 
1 00 98.66 3 .94 0. 1 0  72.2 1 1 .8 1  
1 50 1 47.99 4.04 0. 1 0  74. 1 0  1 .89 
200 1 97 .32 4. 1 0  0.06 75 . 1 9  1 .09 
300 295.98 4. 1 7  0.07 76.50 1 .3 1  
400 394.64 4.23 0.06 77.54 1 .04 
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C02 (9) 
Final  Extraction Efficiency % = 77.54 
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Run Nu m ber:  6 
Cond itions 
Temperature ( OC)  Pressure (bar) Flow Rate (mllmin) Fluid Type 
80 250 4 Pure CO2 
02 Densit g )  = 0 .94298 In itial oil mass (g) = 6.3697 
Sample v eight (g) = 70.09 
O2 Volume (m l )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
a 0.00 0.00 0.00 0.00 0.00 
25 23 . 57 1 .90 1 .90 29.84 29.84 
50 47. 1 5  3 .23 1 . 33 50.68 20.84 
75 70.72 3 .90 0.67 6 1 . 1 8  1 0.50 
1 00 94 .30 4. 1 7  0.27 65.47 4.29 
1 50 1 4 1 .45 4.42 0.25 69.46 3.98 
200 1 88 .60 4.52 0. 1 0  7 1 .02 1 .56 
300 282.89 4.68 0. 1 5  73 .44 2.43 
400 377 . 1 9  4.75 0.08 74.64 1 .20 
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Final  Extraction Efficiency % = 74.64 
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Run N u m ber :  7 
Conditions 
Temperature (OC) Pressure (bar) Flow Rate ( mlfrnin) Fluid Type 
80 250 1 Pure CO2 
CO2 Density (g)  = 0.94298 I nitial o i l  mass (g) = 5 .4572 
Sample weight (g) = 60. 1 4 
C02 V lume (ml )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0.00 0.00 0 .00 0.00 0.00 
25 23 . 57 1 . 59 1 . 59 29. 1 5  29. 1 5  
50 47. 1 5  2 .58 . 0.99 47.32 1 8 . 1 7  
75 70.72 3 . 1 2  0 .53 57. l 0 9.77 
1 00 94.30 3 . 3 8 0.27 6 1 .96 4.86 
1 50 1 4 1 .45 3 .65 0.27 66.88 4.92 
200 1 88 .60 3 .78 0. 1 3  69.23 2 .35 
300 282.89 3 .9 1  0. 1 3  7 1 .56 2.33 
400 377 . 1 9  3 .97 0.07 72 . 8 1 l .25 
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Final  Extraction Efficiency % = 72.8 1 
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R u n  N u m ber :  8 
Condit ions 
Temperature (OC) Pressure (bar) F low Rate (ml/min) F luid Type 
80 250 4 CO2 Only 
O2 Density (g) = 0.94298 Initial oil mass (g) = 5 .4645 
ample weight (g) = 60.05 
CO2 Volume (m l )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0.00 0.00 0.00 0.00 0.00 
25 23 . 57 1 . 55 1 . 55 28 .44 28 .44 
50 47. 1 5  2 .66 1 . 1 1 48.70 20.26 
75 70.72 3 .30 0.63 60.32 1 1 .62 
1 00 94.30 3 .48 0. 1 8  63.69 3 .37 
1 50 1 4 1 .45 3 .76 . 0.28 68 .79 5 .09 
200 1 88 .60 3 .90 0. 1 4 7 1 .44 2.65 
300 282.89 4. 1 1  0.2 1 75.20 3 .76 
400 377 . 1 9  4. 1 3  0.02 75 .50 0.30 
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R u n  N u m ber- 9 
Conditions 
Temperature (OC) Pressure (bar) F low Rate (mVrnin) F luid Type 
1 60 250 4 Pure CO2 
CO2 D n it (g) = 0.94298 In itial o i l  mass (g) = 5 .4562 
Sample weight (g) = 60.0 1 
CO2 Volume (rn l )  O2 Mass (g )  Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0.00 0.00 0.00 0.00 0.00 
1 5  1 4. 1 4  1 .48 1 .48 27. 1 2 27. 1 2  
25 23 . 57 2 . 1 8  2. 1 8  39.98 1 2 .86 
3 5 33 .00 2 .56 0 .38 46.98 7.00 
50 47. 1 5  2 .85 0.67 52.23 5.25 
75 70.72 3 . 1 0  0.25 56 .89 4.66 
1 00 94.30 3 .27 0 . 1 6  59.84 2.95 
1 50 1 4 1 .45 3 .47 0.2 1 63.63 3 .79 
200 1 88 .60 3 .5 7 . 0. 1 0  65 .5 1 1 . 88 
300 282.89 3 .70 0. 1 3  67.82 2.3 1 
400 3 77. 1 9  3 . 79 0.09 69.49 1 .68 
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Temp rature (OC) 
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Run Num ber:  1 0  
Conditions 
Pressure (bar) Flow Rate (ml/min) F luid Type 
350 
0.9866 1 
CO2 Mass (g) 
0.00 
24.67 
49.33 
74.00 
98 .66 
1 47.99 
1 97 .32 
295.98 
394.64 
1 00 
4 Pure CO2 
Initial o i l  mass (g) = 5 .4589 
Sample weight (g) = 60.0 1 
Extract weight (g) Efficiency (%) 
cumulati e 
0.00 
2.40 
3 .49 
3 .80 
3 .96 
4.08 
4. 1 4 
4.24 
4.27 
200 
CO2 (9 ) 
absolute cumulative 
0.00 
2.40 
1 .09 
0.3 1 
0. 1 7  
0. 1 2 
0.06 
0.09 
0.03 
300 
0.00 
43 .95 
63 .85 
69.53 
72.56 
74.79 
75 .93 
77.66 
78.28 
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Final  Extract ion Efficiency % = 78.28 
88 
Run N u m ber:  1 1  
Condit ions 
Temperature COC) Pressure (bar) F low Rate (ml/min) Fluid Type 
1 60 250 1 Pure CO2 
CO2 Density (g)  = 0.94298 I nitial oi l  mass (g) = 5 .4628 
Sample weight (g) = 60.07 
CO2 o lume (m! )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0 .00 0.00 0.00 0.00 0.00 
25  23 . 57  l . 50 l . 50 27.52 27.52 
50 47 . 1 5  2 .62 1 . 1 2  47.98 20.45 
75 70.72 3 .05 0 .43 55 .86 7.88 
1 00 94. 30  3 .23 0 . 1 8  59 .2 1 3 .35  
1 50 1 4 1 .45 3 .46 0.22 63 .3 1 4. l 0  
200 1 88 .60 3 . 5 5  0.09 65 .04 l . 73 
300 282 .89 3 .67 0 . 1 1  67. 1 3  2 . 1 0  
400 3 77 . 1 9  3 .78 0 . 1 1  69.22 2.08 
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Final  Extraction Efficiency % = 69.22 
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R u n  N u m ber :  1 2  
Conditions 
Temperature (OC ) Pressure (bar) Flow Rate (mllmin) F luid Type 
80 250 1 CO2 Only 
C02 Den ity (g)  = 0.94298 I nitial oil mass (g) = 5 .49 1 9  
Sample weight (g) = 60.43 
O2 Vol ume (m l )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0 .00 0.00 0.00 0 .00 0.00 
25  23 . 57  1 . 1 2  1 . 1 2  20.36 20.36 
50 47. 1 5  2 .38  1 .26 43 .34 22.98 
75 70.72 3 .02 0.64 54.98 1 1 .64 
1 00 94 .30 3 . 36  · 0.34  6 1 . 1 9 6.2 1 
1 50 1 4 1 .45 3 . 70 0 .34 67.3 1 6. 1 2  
200 1 88 .60 3 .76 0.07 68 .53 1 .22 
300 282 .89 3 . 87 0. 1 1  70.45 1 .9 1  
400 377 . 1 9  3 .94 0.08 7 1 .83  l .38  
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Final  Extraction Efficiency % = 7 1 . 83  
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Run N u m ber: 1 3  
Condit ions 
Temperature (OC) Pressure (bar) Flow Rate (mllmin) F luid Type 
1 60 3 50 1 Pure CO2 
02 Densit (g)  = 0 .9866 1 Initial oi l  mass (g) = 5 .4823 
Sample weight (g) = 60.3 1 
CO2 o lume (m! )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0 .00 0.00 0 .00 0.00 0.00 
25 24.67 2 .09 2 .09 38 .05 38 .05 
50 49. 3 3  3 .43 1 . 34 62.49 24.44 
75 74 .00 3 . 84 0.42 70. 1 1 7.62 
1 00 98 .66 3 .96 0. 1 1  72 . 1 5  2 .04 
1 50 1 47 .99 4.09 0. 1 4  74.67 2 .5 1 
200 1 97 .32 4. 1 5  0.06 75 .73 1 .06 
300 295 .98 4 .26 
. 0 . 1 0  77.63 l .90 
400 394.64 4 .27 0.02 77.95 0.32 
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Fina l  Extraction Efficiency % = 77.95 
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Run Num ber :  1 4  
Conditions 
Temperature (OC) Pressure (bar) Flow Rate (ml/min) F luid Type 
80 350  1 Pure CO2 
CO2 0 nsity (g) = 0.9866 1 lnitial o i l  mass (g) = 5 .4675 
Sample weight (g) = 60. 1 7  
C02 Volume (ml )  CO2 Mass (g) Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0 .00 0.00 0.00 0.00 0.00 
1 5  1 4 .80 1 . 1 0  1 . 1 0  20. 1 8  20. 1 8  
25  24.67 1 .93 0 .82 3 5 .22 1 5 .04 
35  34 .53 2.48 0 .56 45 .38  1 0 . 1 6  
50 49 .33 3 . 1 4  0 .66 5 7.4 1 1 2 .03 
75  74.00 3 .66 0 .52  66.89 9.49 
1 00 98 .66 3 .88 0.22 70.94 4.05 
1 50 1 47 .99 4.03 0. 1 5  73 .65 2 .70 
200 1 97 .32 4.08 0.05 74. 5 5  0.9 1 
3 00 295.98 4 . 1 6  0.09 76. 1 3  1 . 57 
400 394.64 4.20 . 0 .04 76. 84 0 .7 1 
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Final  Extraction Efficiency % = 76.84 
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Run Num ber :  1 5  
Conditions 
Temperature (OC) Pressure (bar) Flow Rate (mllmin) Fluid Type 
80 3 5 0  1 Pure CO2 
CO2 Density (g)  = 0.9866 1 I nitial o i l  mass (g) = 5 .453 1 
Sample weight (g) = 60.0 1 
CO2 Vol ume (ml )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absolute cumulative absolute 
0 0 .00 0.00 0.00 0.00 0.00 
25  24.67 1 .02 1 .02 1 8 .70 1 8 .70 
50  49.3 3  2 .88 1 . 86 52.76 34.06 
75 74.00 3 . 5 8  0 .70 65 .66 1 2.90 
1 00 98 .66 3 .88 0.29 7 1 .06 5 .4 1  
1 50 1 47 .99 4 . 1 1 0.24 75 .43 4.36 
200 1 97 .32  4 . 1 7  0.06 76. 5 1 1 . 09 
300 295.98 4 .23 0.06 77.59 1 .08 
400 394 .64 4.29 0.06 78.69 1 . 1 0  
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Fina l  Extraction Efficiency % = 78.69 
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R u n  N u m ber : 1 6  
Conditions 
Temperature (OC) Pressure (bar) Flow Rate (mllmin) F luid Type 
1 60 250 1 Pure CO2 
O2 Density ( g) = 0.94298 I nitial oil mass (g) = 5 .4656 
Sample weight (g) = 60. 1 1 
02 Volum (ml )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absol ute cumulative absolute 
0 0 .00 0.00 0.00 0.00 0.00 
25 23 . 57  1 . 8 1  1 . 8 1  3 3 . 1 6  33 . 1 6  
50 47. 1 5  2 .67 . 0 .85 48 .80 1 5 .64 
75  70.72 2 .97 0 .30 54 .34 5 . 54 
1 00 94 .30 3 . 1 3  0. 1 6  57 .33  2.99 
1 50 1 4 1 .45 3 .33  0.20 60.98 3 .65 
200 1 88 .60 3 .45 0. 1 2  63 .09 2. 1 1  
300 282.89 3 .6 1 0 . 1 6  66.0 1 2 .92 
400 3 77 . 1 9  3 .70 0 .09 67.66 1 .65 
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Final  Extraction Efficiency % = 67.66 
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R u n  N u m ber : 1 6  
Conditions 
Temperature (OC) Pressure (bar) Flow Rate (mllmin) F luid Type 
1 60 250 1 Pure CO2 
CO2 Density (g) = 0.94298 Initial oil mass (g) = 5 .4656 
Sample weight (g) = 60. 1 1 
CO2 Volum (ml )  CO2 Mass (g) 
Extract weight (g) Efficiency (%) 
cumulative absol ute cumulative absolute 
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25  23 . 57  1 . 8 1  1 . 8 1  3 3 . 1 6  33 . 1 6  
50 47. l 5  2 .67 . 0 .85  48 .80 1 5 .64 
75 70.72 2 .97 0.30 54.34 5 .54 
1 00 94.30 3 . 1 3  0 . 1 6  57 .33  2 .99 
1 50 1 4 1 .45  3 .33  0.20 60.98 3 .65 
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